Abstract. This work presents and assesses a reduced model of a recently proposed seismic isolation system, namely the Roll-N-Cage one. This system incorporates several interesting features and mechanisms in a single unit; among the others: isolation, energy dissipation, buffering, high vertical stiffness and strength for supporting heavy loads. Departing from previous studies, which were based on the simulation of the Roll-N-Cage device by uncoupled orthogonal unidirectional models, this work first introduces a reduced order coupled bidirectional numerical model of the device. Then the efficiency of such type of control devices, as simulated by the proposed approach, is evaluated for the seismic protection of a cable supported bridge. The bridge model is derived from the ASCE benchmark cable-stayed bridge by means of an extended version.
Introduction
A new seismic isolation system, namely the Roll-N-Cage one (RNC in the following), has been recently [1] proposed in the literature. This system incorporates several interesting features and mechanisms in a single unit; among the others: isolation, energy dissipation, buffering. It also can provide stiffness against low loading levels (e.g. wind and traffic), a great range of horizontal flexibility, high vertical stiffness and strength for supporting heavy dead loads. Re-centering and no uplift during its lateral motion are also interesting features which can be implemented alternatively. As a completion of a previous studies [2, 3] on the simulation of the Roll-N-Cage device by uncoupled orthogonal unidirectional models, this work first introduces a reduced order coupled bidirectional numerical model of the device. Then the efficiency of such type of control devices, as simulated by the proposed approach, is evaluated for the seismic protection of cable supported bridges.
The case study herein selected is the updated ASCE benchmark model on cable-stayed bridges [4] . The refined bridge model is developed in the ANSYS [5] multipurpose finite element environment so as to include relevant modeling aspects, in the simulation of the stay cables dynamics, in the implementation of the seismic external excitation, in the soil-structure interaction and to compare control strategies for the mitigation of the seismic effects.
The RNC devices are introduced into the finite element numerical model by an external userelement, implemented in an independent executable program called by the main script that controls the analysis in ANSYS. The numerical problem is then solved with a mixed implicitexplicit approach in the time domain through the finite element code solver (Newmark) and, externally to this code, the solution of the differential bidirectional model (Runge-Kutta).
Analyses are carried out in the time domain for a multiple support seismic excitation. The vertical component of the earthquake is considered as well. The seismic input, which consequently is not the same on all the supports, satisfies a fixed coherence function. The soil type regulates the degree of correlation.
The RNC Device
The Roll-N-Cage (RNC) isolator has been recently proposed [1, 6] as an attempt to enhance aseismic design. It is a rolling-based isolation system that allows to achieve the maximum possible structure-ground decoupling and, therefore, to minimize the seismic force transfer to the isolated structure. It provides in a single unit all the necessary functions of vertical rigid support, horizontal flexibility with enhanced stability, hysteretic energy dissipation and resistance to minor vibration loads. Three unique features distinguish the RNC isolator: 1) a self-stopping (buffer) mechanism to limit the isolator displacement under severe seismic excitations to a predetermined value; 2) a linear gravity-based self-recentering mechanism that prevents residual dislocations after earthquakes; and 3) a remarkable ability to resist vertical tension by means of its metallic yield dampers. To obtain the most benefit of the adopted rolling-based motion mechanism, which requires less lateral forces to initiate and maintain high degree of structure-ground decoupling compared to other motion mechanisms of the elastomeric-based and friction-based isolation systems, the RNC isolator is provided with a lateral pre-yield stiffness mechanism, against minor vibration loads, independent to its bearing mechanism. This independency allows for accurate tuning of the initial pre-yield stiffness to permit the commencement of the seismic isolation process, or structure-ground decoupling, just after the seismic forces exceed the maximum limit of minor vibration loads, contrary to the available isolation systems. The RNC isolator can be available in different forms to suit the structure or object to be protected regarding mass, size, uni or multidirectional isolation and the maximum allowed seismic gaps between adjacent structures, as shown in Figure 1(a, b, c) . The RNC isolator was numerically characterized in [2] , mathematically modeled in [7] , and experimentally investigated in [8] using [9] . Figure  1 (d, e) shows a 1/10 reduced scale experimental prototypes, of the design form adequate for light to moderate mass structures, at neutral and maximum deformed positions, respectively. 
LABORATORY TESTS ON THE PHYSICAL PROTOTYPE: A NOVEL TESTING PLATFORM
A novel multi-purpose mechanical extension is designed for a Stewart Platform (Hexapod), and later patented [9] , to enable the Hexapod (shown in Figure 2a ) to perform up to fifteen standard mechanical tests, besides maintaining its main function as a motion simulator. Figures 2b-2d demonstrate one part of the designed mechanical extension. This part is suitable for testing experimental block-like, cylindrical and seismic isolation bearing specimens under tension, compression, shear, torsion and fatigue tests. Figure 3a shows a real constructed example of the designed mechanical extension after being integrated to the Hexapod. Some sample real photos of a RNC isolator experimental prototype under cyclic horizontal shear displacement are shown in Figures 3b-3d at neutral and different deformed positions. More details about the designed mechanical extension for Hexapod are found in [9] .
An extensive series of numerical simulation tests were carried out in [2] to identify the mechanical characteristics of the RNC isolator using real-scale and small-scale prototypes numerically. These tests have been followed by thorough experimental verification using several sets of the 1/10 small-scale prototypes only of the RNC isolator having different configurations, characteristics and materials in [10] . Two samples of the used experimental prototypes are shown in Figures 1d-1e ; one is made of stiff-aluminum (with a design compressive capacity of 5 kN) as shown in Figure 1d , and the other one is made of Delrin (with a design compressive capacity of 3 kN) as shown in Figure 1e .
The lower plate of a RNC isolator prototype is tightly attached to the lower fixed base of the developed testing platform, while the upper plate of the prototype is fastened to the upper moving base of the developed testing platform, see Figs 2 and 3. Synthetic sinusoidal and reduced-amplitude real seismic input shear displacements are applied separately to the upper moving base to generate a relative shear motion within the RNC isolator prototypes (between its top moving part and the lower fixed one). The experimental prototype responds to such relative shear displacement through rolling of the inner core and extension of the metallic yield dampers, arranged around the rolling core, as demonstrated by Figures 3c-3d . The input displacement is measured by a laser sensor to confirm that there are no losses, while the output shear force is measured by a precise force/moment sensor, which is located as shown in Figure 2c . Two amplitudes of a chosen input shear displacement are applied to avoid activation (unscaled) and activate (scaled) the inherent buffer mechanism of the RNC isolator. To represent the results in a real sense, the reduced-scale input-output data of the reducedscale experimental prototypes are transformed into the real scale (before being reduced) using dimensional analysis. Two real-scale sample input-output data are plotted in Figs 2 and 3 using synthetic sinusoidal and real seismic ground motions, respectively, and considering scaled and unscaled amplitudes to activate and deactivate the buffer mechanism, respectively. The outcomes from Figure 4 and 5 will be useful for the modeling developments and parameters identification which will be presented in the following numerical improvements.
REDUCED MODEL OF RNC DEVICES
The reduced model of RNC devices introduced in this work adopts the coupled bi-directional formulation [12] initially proposed, in a different framework, by Park et al. as an expansion of the Bouc-Wen [13] mono-directional hysteretic model. The Park et al. model can be seen, as it can the Bouc-Wen one, as a black-box semi-physical model which can match an hysteretic behavior of a device by properly tuning its parameters.
In this work a modified model is used to characterize the RNC isolator device with its distinctive buffer mechanism. An independent executable program simulate the isolation devices in the structural analyses performed with the finite element commercial code ANSYS [5] . This program is to be called by the main script controlling the ANSYS analysis, and is interfaced with the ANSYS database for the analysis through interface routines written in APDL (ANSYS Parametric Design Language). In particular, the process of calling the external executable from the ANSYS script is carried out using the APDL command "/SYS" [11] .
A. Bi-directional hysteresis: basic formulations
Following the formulation in [12] , the restoring force vector in a hysteretic system may be expressed as: (1) in which u is the displacement vector with orthogonal components u x and u y , in x and y directions respectively; q the restoring force vector with components q x and q y ; K is the initial stiffness matrix; α is the post-yielding stiffness ratio; Z represents the hysteretic displacement vector.
For isotropic hysteretic restoring forces, Z x and Z y satisfy the following coupled differential equations:
(2) (3) where A, β, γ are non-dimensional parameters that control the shape and size of the hysteresis cycle.
B. Mathematical modeling of the buffer mechanism
The RNC device has a peculiar built-in buffer mechanism that needs to be modeled along with its hysteretic behavior to fully characterize the isolator device. Guided from physical experimentation of a prototype device [8] , the amount of the total restoring force due to the buffer mechanism, may be expressed as (see Figure 6 ):
Where F buff,x e F buff,y are the buffer restoring forces in x-and y-direction respectively, K load and K unload are the loading and unloading stiffness, start_buff is the displacement (device feature) which lets the buffer mechanism start (when the rolling body and the less stiff plate are just in touch), while end_buff x and end_buff y are the displacements, valued imposing the buffer force in the unloading path equal to zero, for which the buffer effect stops and the restoring force returns to be just the hysteretic one. The end buffer displacements depend not only on both stiffness and start_buffer displacement, but also on the maximum (minimum) displacement reached in the loading path, so they may be expressed as: (4) (5) The bidirectional formulation of the buffer mechanism can be easily applied to monodirectional loading conditions giving great accordance with the results of mono-directional physical tests as is demonstrated in the following subsection.
C. Parameters identification
Two different identification procedures are performed in this work: one based on experimental results, coming from lab tests made for the very first time on a physical small-scale prototype (1/10th) of the RNC isolator (Figures 4 and 5 in particular), one based on numerical simulations carried out on a FEM model of the device. A constrained nonlinear least square optimization algorithm, available in MATLAB [14] , is used to obtain the model parameters in both procedures.
Optimization algorithm
The least square curve fitting function lsqnonlin is chosen from the ones available in the MATLAB Optimization toolbox. As reported in the program guide, lsqnonlin solves nonlinear least-squares problems, including nonlinear data-fitting problems. Rather than compute the sum of squares,
, lsqnonlin requires the user-defined function to compute the vector-valued function: (6) Then, in vector terms, this optimization problem can be restated as: (7) Where x is a vector and f(x) is a function that returns a vector value. The following syntax is used for the function: (8) where:
• x represents the parameters set to identify;
• fun is the function to minimize: it should return a vector of values and not the sum of squares of the values, because the algorithm implicitly sums and squares fun(x); • x 0 is the vector of initial parameters values, that represents the point in which the procedure starts; • l b and u b define a set of lower and upper bounds on the design variables in x, so that the solution is always in the range l b ≤ x ≤ u b .
Within this study, the function to minimize is represented by the difference between the device restoring force vector, given by the test results, q test , and those of the proposed mathematical model, q math , with their two in-plane components, f 1 = (q test,x -q math,x ) and f 2 = (q test,yq math,y ). It can also be summarized as it follows: (9) The vectors defining the lower and upper bounds of the parameters to identify have been set taking into account what is reported in [12, 13] .
Other algorithm options used are the following: the maximum number of iterations allowed (MaxIter), a positive integer, is set to 400 while the termination tolerance on the function value (TolFun) and the termination tolerance on x (TolX), positive scalars, are both set to 1E-6.
The number of iterations required for the identification procedures varies from a minimum of 13 (for the buffer mechanism parameters) to a maximum of 27 (for the Park et al. model parameters). In all cases the procedure stopped because of the TolFun criterion.
Identification from laboratory tests
The identification of the Park et al. model parameters to reproduce the RNC behaviour was based on experimental results [8] coming from lab tests made for the very first time on a physical small-scale prototype of the RNC isolator at the Control, Dynamics and Applications Laboratory (CoDAlab), UPC, Barcelona. The tests were made, using dimensional analysis, on a small-scale (1/10th) prototype of a real-scale isolator (see Figures 2, 3) . Two different acceleration histories were given as input to the physical prototype: the sinusoidal one in Figure 4 and the one recorded during the Imperial Valley earthquake, in Figure 5 . The input were afterward scaled to activate the built-in buffer mechanism of the RNC device. Table I , while Figure 7 shows the match between the Park et al. model (using the parameters in Table I ) and the experimental outcome from the testing of the physical prototype in the case of activation of the buffer mechanism.
It's worth noting that the match is satisfying for both the sinusoidal and the Imperial Valley input, even though only the sinusoidal one was used for the identification procedure, and consequently the Imperial Valley serves the purpose of a blind test. 
Finite element reproduction of bidirectional loading paths
Testing of isolation devices is traditionally uni-axial because of the complexity of loading in two directions. However, the earthquake response of an isolated bridge deck is two-dimensional, hence bi-directional characterization of the devices is crucial in order to understand the behavior and evaluate the efficacy of the devices and of their numerical models. In light of this observations, this section is devoted to deepen this aspect for the RNC isolator device.
The only components of the RNC device which exhibit a dissipative hysteretic behavior are the metallic bars surrounding the quasi-elliptical rotating body [2] . Depending on the initial configuration (initial curvature) and the displacement histories, they can lead to a peculiar response that should be avoided at the design phase. Should this not be feasible, we will in the following provide a method to include it into the Park et al. model.
To evaluate the response of the RNC to bidirectional excitations in the horizontal plane a 3D finite element model of the dissipative bars system has been first developed in the commercially available finite element ANSYS program [2, 5] by consolidated numerical procedures such as an isotropic elastic-plastic material and kinematic bidirectional hardening for the mild-steel (elastic modulus 210000 MPa, Poisson coefficient 0.3, yielding strength 240 MPa, post_yielding modulus 2%), isoparametric 8-nodes brick elements, geometric nonlinearities.
To assess the effects (if any) of mesh dependency, different finite element sizes and element types have been used. The presence of the rolling body, and the related contact problems between surfaces, has been disregarded. Rotations of the top surface can be neglected and the distance between the top and bottom surface of the system is constant. The degrees of freedom for the nodes of the damping bars are restrained with a body constrain to the master node, while the base of each bar has been completely restrained. The kinematic boundary conditions imply that the master node only translate in a horizontal plane.
Different finite element sizes and element types used to asses the eventual presence of mesh dependency, triggered by non linear behavior of materials, make reference: the first to Timoshenko beam elements (ANSYS beam188 element [5] ); the others to hexahedral solid elements (ANSYS solid45 element [5] ). A reasonable equivalence in the results have been reached and the model depicted in Figure 8a has been considered the reference one. Figure 8b The finite element model has been subjected to several kinematic histories to obtain displacements-forces curves. In turn, these curves have been assumed as the target behaviors to be reproduced through the Park et al. law for further implementation on the bridge structural system [2] . First, the bidirectional displacement path shown in Figure 8c was applied to the finite element model, the displacements' history is assigned to the master node positioned in the centre of the bars system. The first branches of the displacement paths are uni-directional to allow for calibrating the parameters of a Bouc-Wen model to be used for uni-axial hysteretic cycles and in a simplified solution prior adopted. In this, two Bouc-Wen unidirectional models are employed together in an orthogonal-uncoupled scheme, as in [2] . The results from the bi-directional analysis coming from the finite element ANSYS program are compared to the outcomes from the bidirectional model developed from the Park et al. model, and to those from the simplified solution based on two Bouc-Wen unidirectional models, in Figure 9 . This figure reports the comparison at a selected low level of displacements. Similar outcomes can been observed from both solutions with respect to the target, represented by the finite element model output. Figure 10 shows a similar comparison, but for larger imposed displacements obtained from having scaled the displacement path in input. From this picture, one senses that a Park et al. model, set-up with constant parameters, is not able to match some peculiar features of the device behavior related to the buckling of the metallic dampers. Buckling that occurs in the unloading branch, after having reached the tensile plastic range during the loading branch (see the limit conditions in Figures 3c-3d) . To overcome this deficiency, in the following, a modification of the Park et. al. model is presented based on taking into account the separate variation of the parameter α in the equations of the system (1). Therefore, this variation is expressed in both x and y-directions (with i = x, y and j = y, x), during the loading steps for the generic time instant t k , as: (10) While, for the unloading steps it becomes: (11) Where u h is the displacement at which the hardening behavior commence due to a more straight configuration of the metallic dampers, u b is the displacement which takes into account the buckling effects above mentioned, C is a constant that regulates the linear variation of alpha, while is the maximum value of alpha reached in during the loading path. Figure 11 depicts the results obtained with this model refinement that allows to match correctly the device response also at larger displacements limit. 
Updated Bridge Benchmark Model and Seismic

Action
The bridge under study is a is 1206 m long, fan-type cable stayed bridge (Figure 12) , which crosses the Mississippi River near Cape Girardeau (USA), connecting Illinois and Missouri. The main span length is 350.6 m. The deck is of mixed construction concrete-steel and is stiffened by longitudinal steel girders. One hundred and twenty eight stays of high-strength, low-relaxation, steel, arranged in a fantype configuration, support the deck. The smallest cable ha a cross-section area of 28.5 cm 2 while the largest one has cross-section area of 76.3 cm 2 . The cable-stayed spans are supported by two towers while twelve additional piers support the Illinois approach spans. Each tower has a solid section below the cap beam, and a hollow section in the upper portion. For a more detailed description of the structure, as well as of its members, the reader is referred to [4] . This bridge was the subject of a well-known benchmark on bridge control [4] . The model of the cable-stayed bridge adopted is set-up [2, 14, 15] in the ANSYS finite element framework enhancing the original benchmark model moving from a single rod type representation for each cable to a description with six rope elements per cable. This is to improve the modeling of the stays-deck coupled response. Furthermore, the non-linear response of the structure is also accounted for by evaluating the dynamic equilibrium of the structure in the deformed configuration at any instant of the simulations. Additionally, the numerical model [2, 17] comprises soil-structure interaction (in the vertical, transversal and longitudinal direction) through the use of impedance functions, lumped masses, springs and dampers at bents and piers.
The resulting finite element mesh in ANSYS comprises ( Figure 13 ) linear beam elements for towers and the deck frame, linear shells elements for the concrete deck slab, tension only elements for the stay cables , totaling about 2600 nodes and 2800 elements. The materials are characterized as linear elastic. High performance concrete is adopted for the piers (E= 50x106 kN/m 2 ); highstrength, low-relaxation steel for the stay cables (E= 210x106 kN/m 2 ). The mixed structure of the deck (steel frame with concrete slab) is modeled by concrete shell elements connected to steel beams. The two materials retain the specified characteristics. A structural damping appropriate to this type of bridges (equal to 3% of the critical one) is assigned to the bridge model as a Rayleigh type damping computed between the first (0.28s) and the sixth (0.64s) mode.
Soil-structure interaction is included in the bridge model. The ground motion is applied to the structure in the form of free-field ground displacements and velocities. These have been obtained from synthetic generated acceleration time histories, considering the spatial variability of the seismic ground motion. The acceleration time histories are obtained by the procedure presented in [18, 19] , which relies on the spectral representation method by Shinozuka [20] . At the structuresoil contact points the auto-spectrum of the generated accelerations satisfy the well known KanaiTajimi Power Spectral Density (PSD) as modified by Clough and Penzien [21] , while the crossspectra between the motions at different stations are derived from the coherency function proposed by Luco and Wong [22] . In the case at hand, a velocity of the shear waves v s = 3000 m/s and an incoherency factor α = 0.2 were adopted. Distinctively, the parameters of the Clough and Penzien PSD are chosen in order to minimize the difference between the value of the median response pseudo-acceleration spectrum with that prescribed by Eurocode 8 (EC8) [23] . Figure 14 
Seismic Performance of RNC on the Bridge Structure
Eight RNC devices are introduced in the bridge model, symmetrically with respect to the longitudinal axis, between deck and bents, and deck and piers at the locations highlighted by a black dot in Figure 13 . The isolators correspond to the full-scale RNC device tested, since, referring to previous works [2] , the parameters for this device are included in the optimal range of protection for the analyzed structure. The parameters for the reduced model are those in Section III-C.
The technique summarized in the previous section for generating the horizontal and vertical component of ground motion has been used to generate ten different excitations compatible with the horizontal response spectrum and 10 with the vertical response spectrum specified by EC8 for soil type "B". Each time-history can be seen as a statistically independent realization of a stochastic process described by an appropriately modified Clough and Penzien [21] PSD to become spectrum-compatible. As such, two different realization belongs to a population that has the EC8 prescribed spectra as the average, they are completely uncorrelated and only share the time envelope function used to make them non-stationary in time (.a sample is shown if Figure  14c -d). The average acceleration response spectra, normalized at a PGA of 1m/s 2 , for the timehistories representing the horizontal ground motion and the vertical ground motions are depicted in Figure 14a and b, respectively. In Figure 14a the response spectra for the horizontal accelerations at the left bent in Excitations #1 to #3 are shown as well. Figure 14c -d depict the longitudinal, with respect to the bridge, acceleration at the left bent for the same excitations.
Six analyses were carried out in the time domain (Excitation #1 to #6), each one obtained by pairing two different seismic inputs in the horizontal direction and one in the vertical direction obtained as briefly described in the previous section. Comparisons between the two different bridge configurations (controlled and uncontrolled) will be shown in the following, in terms of average percentage reductions for the criteria listed in Table II . Table I computed on the controlled and uncontrolled bridge configurations. Table I computed on the controlled and uncontrolled bridge configurations.
Even if the buffer bidirectional formulation has to be confirmed by further physical tests, the mono-directional results and the consistent approach, with respect to the Park et al. model, justifies its use on the bridge model. Therefore, for Excitation #6, Table 3 reports a coherent (same structural conditions) comparison in terms of relative difference for the criteria in Table 2 when the buffer mechanism in the RNC devices is excluded or included in the model. A small reduction of the longitudinal displacements (criterion H6) is reached when displacements are limited by the buffer mechanism of the RNC devices, with respect to the condition without buffer mechanism. This result is achieved at the cost of a small increment of the longitudinal acceleration of the deck (criterion H8). The remaining criteria do not show sensible variations.
Finally, aiming at a comparison with a previous study ( [2] ) on the bridge where the RNC devices were simulated by two orthogonal-unidirectional-uncoupled Bouc-Wen models, a comparison has been performed with the bridge model in [2] equipped with RNC devices simulated by the bidirectional model with buffer herein formulated. Table 4 lists, for seismic input #4 and #5, the relative difference for the criteria listed in Table 2 coming from the two modeling approaches. It is worth underlining that the input #4 is characterized by a strong bidirectional signature, much larger than for input #5. One can observe from this comparison that a monodirectional modeling can not precisely follow the actual behavior of the isolator when this is affected by a non-negligible interaction in the two orthogonal direction. On the contrary, when the bidirectional effects are less important (input #5) both approaches perform similarly.
Criterion
Relative Table 3 : Comparison with and without buffer mechanism, input #6.
For highlighting the differences between the two approaches in time domain, Figure 17 shows, for Excitation #4, the time-history of the base shear in longitudinal (with respect to the deck development) direction at the base of the tower closer to the Illinois side. 
Input
Conclusions
The laboratory tests and the analyses performed as part of this work offer an insight into the development of an innovative isolation device. The physical model of the RNC device successfully tested on the Exapod laboratory facility in unidirectional orthogonal loading paths, confirmed the specific characteristics of the dampers, as were identified by previous design studies. The laboratory tests allowed to confirm the preliminary design studies and to validate a new bidirectional model able to precisely follow the actual behavior of the isolator.
The laboratory tests and analyses performed lead to the following specific conclusions:
• The modified Park et al. model with optimal tuning of the parameters was proved able to match satisfactorily the physical behavior of the RNC. The same phenomenological model confirms to be effective also in reproducing the bidirectional response of the 3D finite element model of the dampers, including buckling of the same. This outcome will be very useful in planning and conducting further experiments on the physical model of the RNC isolator when bidirectional loading paths will be fully employed on the Hexapod facility.
• The RNCs devices, numerically simulated in the bridge analyses, were able to perform an effective reduction of the seismic effects both in terms of internal actions and accelerations. However, in agreement with the seismic isolation theory, this implied an increase of the displacements for the structure.
• The effect of the buffer mechanism on the bridge model slightly limits the peak displacements, at cost of a small increment of the deck accelerations. Internal forces did not show remarkable variations.
• A coupled bi-directional model (as the modified Park et al. one) is fundamental to precisely reproduce the actual behavior of the isolators when the deck motion is affected by a non-negligible interaction in the two (longitudinal-transversal) directions. Some performance criteria can vary by as much as 300% as a consequence. The refined version of the ASCE bridge benchmark model confirms the positive contribution of the new dissipative isolation devices in the mitigation of the seismic effects in terms of internal actions and displacements of the structural components, as already emerged from previous studies carried out with a simpler model of the RNC device. Furthermore, the specific outcomes of the buffer mechanisms and the benefits coming from a full bidirectional formulation of the damper model have been assessed.
